INTRODUCTION
In Poland, production of the electric and thermal energy is based mainly on burning hard or brown coal, which generates significant amounts of minestone wastes, and in particular fly ashes and ash-slag mixtures. Depending on the quality and calorific value of the coal and its ash content for every kilowatt-hour of the produced electricity and heat, from 35 to 220 g of wastes are produced [Zabielska-Adamska 2006, Pisarczyk 2009 ].
Geotechnical properties of fly ashes vary in a wide range depending on the type, origin and degree of fragmentation of the used coal, the technology and temperature of combustion and the manner of storage. That is why it is important to recognize correctly their properties, in particular shear strength parameters, thereby enhancing the applicability of these wastes in earth structures [Baran et al. 2013 , Gruchot et al. 2015 .
In engineering practice, according to the Eurocode 7, ultimate resistance of a subsoil, which depends on its structure and the considered state of stress, should be determined at undrained or drained conditions. At the drained conditions, it is required to determine the angle of internal friction and cohesion, which is performed in the direct shear apparatus or triaxial compression apparatus. However, undrained shear strength required in the calculations of the ultimate resistance at the undrained conditions can be determined by both field and laboratory tests. At the laboratory tests, triaxial compression or cylindrical torsion apparatuses are the most commonly used, but also a cone penetrometer and a laboratory vane apparatus.
PURPOSE AND SCOPE OF WORK
The paper aimed at an assessment of the suitability of the laboratory vane apparatus, the cone penetrometer as well as so called handheld instruments (shear vane tester, pocket penetrometer) for determination of shear strength parameters of fly ash collected from the chute of electrostatic precipitators at the Power Plant "Skawina". Supplementary to the strength characteristics of the fly ash, the tests of the angle of internal friction and cohesion were carried out in the direct shear apparatus.
The basic physical properties of the fly ash were determined using standard methods. The granulometric composition was determined by the areometric method, and the density of solid particles by a volumetric flask method in distilled water. The optimum moisture content and the maximum bulk density of solid particles were determined in the Proctor's apparatus in the cylinder of the volume of 1.0 dm 3 , at the compaction energy 0.59 J·cm -3 . Determination of the undrained shear strength was performed on samples moulded at the moisture content close to as well as 5% less and greater than the optimum one, until the compaction was corresponding to the degree of compaction I S = 0.90 and 1.00.
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M f -maximum torque [kN·cm], K TV -coefficient characteristic for a given tip (Tab. 1). In these tests, normal tip was used with K TV = 1.0. Determination of the shear strength using the shear vane tester (Figure 3 ) consist in the measurement of the torque (M f ) while shearing the soil, which runs on the side and front surfaces of the cylinder specified with dimensions of the vane tip ( Table 1 ). The type of the tip is selected depending on the soil consistency [Myślińska 2006 ], and a shear strength τ max is determined from the formula: Determination of the undrained shear strength was performed on samples moulded at the moisture content close to as well as 5% less and greater than the optimum one, until the compaction was corresponding to the degree of compaction I S = 0.90 and 1.00.
The laboratory vane apparatus ( Figure 1 ) makes it possible to determine torque when rotating its tip driven into the soil (Figure 1c ). The undrained shear strength (c u ) is calculated assuming a shear surface of a shape of the cylinder, which is determined by the dimensions of the cross-tip of the apparatus, using the formula: =
where:
H, D -height and diameter of the vane [m]. In the presented tests, the used vane had dimensions:
The cone penetrometer enables determination of the depth of penetration of its tip from the sample surface into the soil ( Figure 2 ). The undrained shear strength c u is calculated using the formula 
Determination of the shear strength using the shear vane tester (Figure 3 ) consist in the
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In these tests, normal tip was used with K TV = 1.0. A cone penetrometer (Figure 4 ) makes it possible to determine soil cohesion, assuming f = 0 and that it corresponds to the ultimate pressing force Q f .
Determination of the angle of internal friction and cohesion was performed in the direct shear apparatus in a box of dimensions of 8 × 8 cm and a height of the sample 4.7 cm [PKN-CEN ISO/TS Figure 1c) . The undrained shear strength (c u ) is calculated assuming a shear surface of a shape of the cylinder, which is determined by the dimensions of the cross-tip of the apparatus, using the formula: = The cone penetrometer enables determination of the depth of penetration of its tip from the sample surface into the soil (Figure 2) . The undrained shear strength c u is calculated using the formula 
Determination of the shear strength using the shear vane tester (Figure 3 ) consist in the measurement of the torque (M f ) while shearing the soil, which runs on the side and front surfaces of the cylinder specified with dimensions of the vane tip ( Table 1 ). The type of the tip is selected depending on the soil consistency [Myślińska 2006 ], and a shear strength  max is determined from the formula: 
s resistance in undrained conditions was calculated from the equation: 
resistance in undrained conditions was calculated from the equation: There were omitted in the calculations coefficients of inclination of the foundation base, as it was assumed that it is horizontal, and coefficients of inclination of the load resulting from the horizontal load, since the occurrence of this type of interaction was not expected. 
TESTS RESULTS AND THEIR ANALYSIS Physical properties
A silt fraction dominated in the granulometric composition of the fly ash, and its content was on average 74%, clay fraction -22%, and sand -4%. According to the geotechnical nomenclature [BS-EN-ISO-14688: 2006], the fly ash was classified as several-fractional clayey silt ( Table 2 ). The density of solid particles was on average 2.19 g·cm -3 and the maximum dry density of solid particles -1.12 g·cm -3 at the optimum moisture content of 35%. of moisture content. Whereas the values obtained from the laboratory vane apparatus, from 40 to 229 kPa, were similar to those from the cone penetrometer tests.
When analyzing the effect of moisture content, it was found that the highest values of the undrained shear strength were obtained at the moisture content by 5% less than the optimum one, and the lowest values at the highest moisture content, that is by 5% bigger than the optimum one. The reduction in shear strength with increasing moisture content from 29 to 40%, at the compaction index I S = 0.90, ranged from 7 kPa while using the shear vane tester, to 266 kPa while using the pocket penetrometer. In the case of the laboratory vane apparatus and the cone penetrometer, the reduction in shear strength was respectively by 82 and 155 kPa. Similarly, at the degree of compaction I S = 1.00 decrease in the shear strength ranged from 11 to 329 kPa, respectively, using shear vane tester and the pocket penetrometer. For the other two apparatuses, there was also a large decrease in the shear strength, and equalled 111 kPa for the laboratory vane apparatus and 232 kPa for the cone penetrometer. As can be seen from the above analysis, the scope of the shear strength at the given compaction between the assumed moisture contents depended on the used apparatus. The biggest differences occurred for the pocket penetrometer, which can be explained by plastifying the ash together with the increase in moisture content and decrease in resistance when pressing the penetrometer. Whereas the lowest differences were stated for the shear vane tester, which can be explained by the nearto-surface reach of its vane influence. 
Undrained shear resistance
The highest values of the shear strength, from 88 to 422 kPa, were obtained using the pocket penetrometer for the range of moisture content from 29 to 40%. High values, from 38 to 298 kPa, were also obtained using the cone penetrometer, and the lowest, from 33 to 45 kPa, using the shear vane tester ( Figure 5 ) for the same range 
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The increase in the density from I S = 0.90 to 1.00 resulted in the increase in the undrained shear strength (Figure 6 ). The biggest increases from 1.6 to 2.9-fold and from 1.9 to 2.4-fold were observed using respectively the cone penetrometer and the vane apparatus. When using the shear vane tester and the pocket penetrometer, the increase in shear strength along with the increase in compaction was also achieved. However, it was small in comparison with the other apparatuses and ranged from 1.1 to 1.2-fold.
The obtained results showed that the laboratory vane apparatus and the cone and pocket penetrometers were considerably susceptible to changes of moisture content and compaction while assessing the undrained shear strength. In contrast, the values of the shear strength obtained using the shear vane tester were characterized by small changes along with increasing the moisture content and compaction, which can cause problems in the interpretation of the tests results. Therefore, the use of the laboratory vane apparatus and the cone penetrometer, due to the relatively large convergence of the obtained results seems to be purposeful to determine the strength characteristic of the fly ash. Whereas the test results obtained using the pocket penetrometer and the shear vane tester should be treated as indicative, and their use in engineering practice in the design calculations is inadvisable. It should be noted, however, that the tests, which are considered as complementary, as is the case with the pocket penetrometer and the shear vane tester can be useful while documenting the subsoil and can provide an assessment of, for example, the consistency of cohesive soils [Majer and Pietrzykowski 2013] .
Angle of internal friction and cohesion
The analysis of the obtained results of the angle of internal friction and cohesion of the fly ash showed large values of the latter at the insignificant impact of the compaction. Together with the increase in the density from IS = 0.90 to 1.00, the increase in the angle of internal friction was slightly more than 2° (8% relatively) and in the case of consistency at the moisture content close to the optimum one -close to 2 kPa (6% relatively) ( Figure 7) . A similar relationship was observed for other fuel ashes and reported in the works of other authors [Gruchot 2009, Zydroń and Zawisza 2004] .
CALCULATIONS OF THE ULTIMATE RESISTANCE OF THE SUBSOIL
The calculations of the ultimate resistance of the subsoil were carried out for the pad foundation of the width and length B = L = 1.0 m, founded at the depth of D = 1.0.m. It was assumed that the subsoil is fly ash, which was characterized by the compaction corresponding to the degree of compaction I S = 0.90 and 1.00. The unit weight of the ash at I S = 0.90 was 13.34 kN·m -3 , and at I S = 1.00 -14.81 kN·m -3 , which corresponded to the pressure at the depth of the foundation, 13.34 and 14.81 kPa respectively (Table 3 ). The carried out calculations showed that the values of the ultimate resistance of the drained and undrained subsoil significantly varied depending on the method of determination of the undrained shear strength and compaction. The ultimate resistance of the drained subsoil made of the fly ash at the degree of compaction I S = 0.90 was on average 4 times bigger than the ultimate resistance of the undrained subsoil obtained from the calculations of the undrained shear strength using the laboratory vane apparatus and the cone penetrometer (Table 3 ). Whereas at the degree of compaction I S = 1.00, the ultimate resistance of the drained subsoil was bigger than the ultimate resistance of the undrained subsoil: 2.7 times in the case of the undrained shear strength obtained using the laboratory vane apparatus and 2 times in the case of the undrained shear strength obtained using the cone penetrometer.
When carrying out the calculations of the ultimate resistance of the drained subsoil, it is recommended using the effective shear strength parameters of the subsoil under the foundation, and thus taking into account the pore water pressure. The conducted tests of the angle of internal friction and cohesion of the fly ash in the direct shear apparatus, despite applying the small shearing velocity, do not allow defining these parameters as effective. Therefore, in the following part of the calculations, the obtained shear strength parameters were reduced to values at which the ultimate resistance of the drained subsoil was equal to the resistance of the undrained subsoil. These calculations were carried out in two variants. The first assumed that the angle of internal friction was determined correctly, and the cohesion was reduced. It was assumed that its high values resulted from blocking rough fly ash particles and the high content of the sand fraction. In the second variant of the calculations, both shear strength parameters -the angle of internal friction and cohesion -were reduced, assuming the reduction factor from 1.0 to 1.7.
The first variant of the carried out calculations revealed that the cohesion of the fly ash should be reduced to the value slightly above 1 kPa at I S = 0.90 and above 5 kPa at I S = 1.00, so that the values of the ultimate resistance of the undrained and drained subsoil were equal taking the undrained shear strength from the laboratory vane apparatus (Figure 8 ). In the case of the tests using the cone penetrometer, the ultimate resistances at the undrained and drained conditions were equal at the cohesion close to 1 kPa at I S = 0.90 and 12 kPa at I S = 1.00. The calculations performed show the significant impact of the cohesion on the values of the ultimate resistance of the subsoil. Therefore, in the case of fine-grained wastes or where the cohesion results from the mutual blocking of grains, it is suggested to carry out the tests of the angle of internal friction and cohesion in conditions of hydration of the shearing zone, or to reduce the Figure 8 . The dependence of the ultimate resistance of the drained subsoil on the cohesion at the constant value of the angle of internal friction from the direct shear apparatus tests Figure 9 . Decrease in the ultimate resistance of the drained subsoil at the reduction in the angle of internal friction and cohesion cohesion in the case of calculations of the ultimate resistance of the subsoil. The analysis of the ultimate resistance of the subsoil in the second variant of the calculations, with reduction in both shear strength parameters revealed the necessity of their significant reduction to obtain convergence of the values of the ultimate resistance in the drained and undrained conditions. Getting the same values of the ultimate shear resistance of the subsoil required the reduction in the angle of internal friction and cohesion 1.7-fold at I S -0.90 and 1.4-fold at I S = 1.00 in the laboratory vane apparatus tests of the undrained shear resistance (Figure 9) . Whereas in the case of the cone penetrometer, reduction in the shear strength parameters was 1.7-fold at I S -0.90 and 1.2-fold at I S = 1.00.
CONCLUSIONS
The conducted study revealed that the fly ash from the Power Plant "Skawina" was characterized by high values of the undrained shear strength and the angle of internal friction and cohesion. The obtained results of these parameters made it possible to obtain high values of the ultimate resistance of the subsoil.
The biggest values of the shear strength were obtained from the tests with the piston penetrometer, and the lowest for the handheld shear vane tester. This confirms that the use of these apparatuses as indicators in assessing the shear strength of soil is right. And the results of the cone penetrometer and laboratory vane apparatus were close and it is suggested to use them in calculations of the ultimate resistance of the undrained subsoil. The analysis of the impact of compaction and moisture content revealed that those parameters significantly affected the values of the shear strength.
The ultimate resistance of the drained subsoil made of the fly ash was several times bigger than the value for the undrained subsoil. That is why research aiming at the determination of the strength properties of fly ashes should be carried out with great care and with the possibility of verifying the obtained results in situ.
